We combine a GW approach and ab initio Molecular Dynamics (AIMD) simulations to study the impact of thermal effects on transport gap in solid pentacene (C22H14). The dynamic disorder induced by thermal fluctuations is simulated by AIMD, providing the ensemble-averaged density of states (DOS) near the band gap. The GW corrected DOS, averaged over hundreds of snapshots from AIMD simulation containing disordered structures indicates that the edge-to-edge transport gap is 2.1±0.04 eV, reduced by ~0.1 eV in contrast to the static 0 K GW calculation. The peak-to-peak gap is found to be 2.7eV in excellent agreement with experiment after corrections for the surface and the Frank-Condon effects and providing fully ab initio agreement with experiment where previous theory required ad hoc Gaussian broadening and temperature corrections. † Present address:
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Introduction
Organic semiconductors are promising next generation energy conversion materials with many advantages over their inorganic counterparts, such as low-cost solution-phase chemical synthesis and device flexibility [1] [2] [3] [4] [5] [6] . However, these materials are usually sensitive to temperature 7,8 because the molecules are held together by weak intermolecular interactions. Thermal fluctuations at room temperature are sufficient to break the translational symmetry of the lattice 9 , which will consequently change the band structure as well as the charge transport properties.
To enhance the application of organic semiconductors in photovoltaic devices, it is crucial to determine the fundamental quantities such as transport and optical band gaps precisely with the thermal effect taken into account. Pentacene is a well-studied organic semiconductor with relevance to energy conversion, and has been the focus of many recent theoretical 10-14 and experimental [15] [16] [17] [18] [19] [20] [21] studies. In a previous work 14 , the spectroscopic and transport properties in solid pentacene were systematically studied with many-body perturbation theory within the GW approximation and the Bethe-Salpeter equation approach. However finite temperature effects were accounted for only with a Gaussian broadening of the GW density of states justified by an estimate of thermal disorder. Using this approximation the GW quasiparticle transport gap agreed quantitatively with experimental results 18, 19 after surface and temperature corrections.
In the present study, we make direct calculations of these thermal effects, and the ensemble (3) Correct thousands of Kohn-Sham eigenvalues to GW-quasiparticle energies following the linear relations between the two quantities that were determined from rigorous GW calculations. The ensemble-averaged density of states provides us with a straightforward representation of the thermal effect on the near gap band structure.
Computational details
AIMD simulations within the Born-Oppenheimer ground state potential surface were performed with the CPMD package 22 on a primitive cell consisting two pentacene molecules for ~15ps, and on a 2×2×1
super-cell consisting 8 pentacene molecules for ~7ps. The lattice parameters 23 and initial molecular geometry being kept the same as in Ref.
14. Periodic boundary conditions were imposed to mimic an infinite bulk system. The system temperature was kept around 300K using Nosé-Hoover chain 3 thermostat 24, 25 within the canonical NVT ensemble. The Γ point was used in the Brillouin zone sampling.
A time step of 0.5fs was used to ensure good control of the conserved quantities. The Perdew-BurkeErnzerhof (PBE) functional was used to calculate the total electronic energy and forces with kinetic energy cutoff of 70 Ry. Troullier-Martins norm-conserving pseudopotentials 26 were employed to represent the core electrons and nuclei.
To find the linear relations between the GW quasi-particle energies and DFT eigenvalues, GW calculations were performed starting from the DFT-PBE calculations using the BerkeleyGW package 27 for the static structure and 6 disordered structures sampled from AIMD simulation of the primitive cell.
Quasiparticle energies (ε QP ) of the near gap states were evaluated using a Γ-centered 4×4×2 k-mesh.
Then the linear relationships between ε QP and the Kohn-Sham eigenvalues from DFT-PBE (ε DFT ) for the highest occupied and lowest unoccupied states were determined and applied to correct hundreds of thousands of DFT-PBE eigenvalues extracted from the electronic structure calculations on hundreds of disordered structures sampled from AIMD on 2×2×1 super-cell. These electronic structure calculations as well as the DFT starting point for the GW calculations were all carried out using the Quantum Expresso package 28 with Troullier-Martins norm-conserving pseudopotentials and plane-wave basis functions with a 400eV cutoff.
Results and discussion
3.1 MD simulation results analysis. AIMD finds a thermal equilibrium structure essentially identical to the static structure for the pentacene crystal. The averages of the C-H and C-C bond lengths from AIMD are basically equal to the averages in the static structure respectively, as listed in Table S1 .
The former is obtained by averaging over hundreds of thousands of structures sampled by AIMD. The latter is just within one static geometry where the C-C bonds are slightly different from one to another, so are the C-H bonds. The thermal effects on the C-C and C-H bond length are manifested by the standard deviations of the bond lengths from AIMD simulations, i.e. 0.038 Å for C-C bond and 0.029 for the C-H bond, which also indicate mild thermal fluctuations in the local geometry of solid pentacene at room temperature.
To characterize its nonlocal geometry, the center of mass (COM) distance within four different pentacene pairs (shown in Figure 1 ) are specifically considered in the 2×2×1 super-cell. The COM distance within four molecular pairs at the initial static structure and their corresponding averages during the simulation are listed in Table S1 . To further understand the intermolecular interactions within the four types of pentacene pairs, we calculate the binding energies at B3LYP/6-311G** level with the Gaussian 09 package, and find that the a≥b>c≈d, agree with the previous reports in the literature 9, 29 . Note that pair a and b in Figure 1 have similar structure but the COM distance of the former is shorter than that of the latter by 0.35 Å, which implies that the intermolecular interaction between the two molecules in pair a might be stronger than that in pair b. However, the binding energy of the isolated pentacene dimer in pair a is only 2 meV greater than that in pair b.
Above all, the AIMD will meaningfully express the thermal fluctuation about the 0K results previous published with an ad hoc broadening of the PES. The AIMD results do not support temperature dependent change in the equilibrium structure.
Further validation of the fluctuations produced by the AIMD simulation is provided via simulated vibrational spectroscopy of the pentacene crystal. The dipole moment of the entire box was computed within the maximally localized Wannier function scheme during the simulation 30, 31 . Then, linear response theory was used to derive the infrared spectrum by doing a Fourier transform of the dipole-dipole autocorrelation function 32, 33 . The good agreement between the calculated and experimental IR spectra ( Figure   5 2) suggests that the molecular vibrations are properly characterized in the simulations and the resulting 3.2 Linear relationship between GW quasi-particle energies and DFT eigenvalues.
The ab initio GW approach, as a method of first-principles many-body perturbation theory based on the Green's function (G), approximating the electron self-energy (Σ) as the first term of the expansion in the screened Coulomb interaction (W), has been successfully applied to the study of the quasiparticle (QP)
property of organic solids, and has proven to yield quantitatively accurate quasiparticle band gaps and dispersion relations from first-principles. 14, 27, 34, 35 In practice, the quasi-particle energy (ε QP ) within the It has been observed that there is a linear relation between the GW quasi-particle energies and DFT eigenvalues for states near the band gap ε QP -ε DFT = s·ε DFT + δ 14, 35, 36 , which implies that GWcorrected band structure and DOS can be obtained easily from the above linear relation without the need for explicit evaluation of GW corrections for large-scale calculations 14 . In the present work, we are interested in applying this linear relation broadly on hundreds of disordered structures to eventually obtain an ensemble average of GW-corrected density of states. So, we have revisited the GW calculations on the static structure, and found that for the highest occupied states: ε QP -ε DFT = 0.3·ε DFT -0.6 eV, while for the lowest unoccupied state: ε QP -ε DFT = 0.3·ε DFT + 0.6 eV.
Since the plane wave basis functions used here are independent of nuclei position R and the QP correction in Eq.(1) consists largely of a constant shift with a weak dependence on R [35] , By taking derivatives from both side of Eq.(1) with respect to the nuclei positions R, it becomes:
This suggests that the QP correction to the DFT eigenvalue is approximately independent of moderate 8 geometric perturbations. To numerically verify this approximation, we carry out rigorous GW calculations on 6 disordered structures taken from the AIMD simulation performed on the primitive cell.
The instantaneous structures were chosen carefully such that their potential energies spread through the range of thermal fluctuation, and time intervals of ~1ps were taken to de-correlate the successive structures. By plotting the ε QP against the corresponding ε DFT for a few eV of near gap states at each kpoint from all 6 disordered structures, in Figure 4 we show that, the linear relationship between ε QP and ε DFT determined with the static structure holds in the disordered structures. However, the geometry fluctuations change each energy level with respect to the static structure, contributing to the broadening in the spectrum, as shown by the differences in the linear distributions of the red circles and the black triangles in Figure 4 . Although for illustrative purpose, it's feasible to use a primitive cell with appropriate k-mesh applied to show that the linear relationship between the QP corrections and DFT eigenvalues is conserved at the degree of perturbation caused by heating to room temperature in AIMD, in practice, to calculate the band structure of solid pentacene with dynamic disorders, a super-cell should be used to capture the nature of the intermolecular interactions, which will characterize the disorders more completely than using a primitive cell with a k-mesh. This is due to the addition of artificial periodicity from the nuclei to the dynamic disorder. For pentacene in the pristine crystalline phase, it is shown by S. Sharifzadeh et al.
14 that using a Γ-centered k-point mesh of 2×2×1 and wave function basis cutoff of 400 eV is sufficient to converge the total DFT-PBE energy to 1 meV/atom. It is expected that by using 2×2×1 super-cell, the band extrema differences at Γ point will be good approximations for the band gap and band width.
Approximate the band gap and band width from super-cell calculation.
Before applying the GW linear corrections to the large numbers of disordered structures sampled from AIMD, we checked the accuracy of the band structure calculation using a 2×2×1 super-cell for the disordered system. As illustrated in great detail elsewhere, effective band structure can be obtained by super-cell calculations in perturbed organic and inorganic solid state materials 38, 39 . To justify the size of the 2×2×1 model system for solid pentacene in the presence of dynamic disorder concerned here, we took 4 disordered structures from the MD trajectory, carried out electronic structure calculations with a 2×2×2
k-mesh as well as at just the Γ point, compared the band gap, HOMO and LUMO band width from the former with the corresponding band extrema differences from the latter. We found that the errors in approximating the band gap and band width with the band extrema differences calculated using 2×2×1
super-cell at the Γ point are ~0.01eV (Table S2) , which is much smaller than the standard deviation By taking the difference between the ensemble average of the highest occupied and lowest unoccupied levels, the edge-to-edge transport gap is found to be 2.1±0.04 eV with standard deviations of 0.026 eV from both sides. Comparing it with the GW transport gap from static structure calculation (2.2 eV in Table. 1) using PBE as DFT starting point as well, we attribute this 0.1 eV deviation to the intramolecular geometry change due to the extra potential energy gained when heating up the system to room temperature during the MD simulation, as the lattice vectors were fixed to experiment to circumvent the poor performance of PBE in describing the van der Waals interactions that is necessary for characterization of intermolecular spacing in weakly bound crystals 38, 40, 41 . The previous GW stactic calculation 14 using PBE as starting point agreed with the experimental edge-to-edge gap of 2.2 eV. This experimental edge-to-edge gap reported in Ref. 14 was estimated from the photoemission spectrum of
Ref. 19 . The difference between the current and previous results for the edge-to-edge gap also verify the estimation of ∼0.1-0.2eV in shifting the photoemission spectrum, which was made to account for the fact that a static 0 K calculation was compared to finite-temperature measurements 14, 18 .
Although Γ point calculation leaves large spacing in the spectrum, with contributions from hundreds of disordered structures added up together, it still shows roughly a Gaussian profile in the density of the states on both sides of the band gap ( Figure 5 ). This can be taken as a reoccurrence of the Boltzmann distribution of the states of a system governed by the thermal fluctuation, as the disordered structures were sampled with an equal time interval of 1.5fs along the AIMD trajectory. We take the difference between the peaks of the HOMO band and LUMO band as the peak-to-peak band gap, which is 2.7 eV ( Figure 5 ). When Gaussian broadening with width of 0.25eV was applied to the GW spectrum using PBE starting point at 0 K, to account for the finite temperature effect, the peak-to-peak gap is also found to be ~2.7 eV, as shown by the orange curve in Figure 5 . The spectrum convoluted with uniform
Gaussians does approximate the ensemble-averaged spectrum to some extent, but doesn't necessarily capture the details of the spectrum, especially for the HOMO band.
The comparison of the peak-to-peak gaps from the AIMD simulations at room temperature, GW static calculations at 0 K and the experimental Photoemission spectra is given in Table 1 . The GWcorrected ensemble average at room temperature of the peak-to-peak gap is in very good agreement with the experimental value 2.7 eV after corrections of 0.5 eV for the surface and 0.2 eV for the Frank-Condon effects 18 . It is also noticed that the spectrum has a three-peak structure in both side of the band gap. We compared the DOS using 2×2×2 k-mesh and that at Γ point for the static structure and two of the disordered structures mentioned in section 3.3, in Figure 6 it shows that, for both the static and disordered structures, the band extrema at Γ point calculation approximate the band edges very well. Although Γ point calculation leave large space in the spectra, it was able to capture the states where the peaks are in the spectra using 2×2×2 k-mesh for most of the cases. However, this is likely to lead to the obvious three peak structure in the ensemble averaged spectrum shown in Figure 5 . We expect that it would have less of the three-peak structure with more k-points used in the calculations, notwithstanding the possibility that the three peak structure came from structure like in Figure 6b and was an intrinsic detail lost in experiment, especially for the HOMO band. In the HOMO band of the spectrum at Γ point in Figure 6b , the near equally distributed states in the middle do not correspond to the strongest peak of the spectrum in blue. This suggests that to obtain a more accurate profile of the spectrum requires large scale calculations with sufficient k-point sampling or improvement of the resolution in experimental measurements.
Conclusions
In conclusion, the ensemble-averaged density of states was obtained by combining GW approach and AIMD simulations for solid pentacene. The linear relations between GW quasi-particle correction and the DFT-PBE eigenvalues were shown to be conserved at the degree of perturbation caused by heating to room temperature in AIMD. The linear relations were then applied on hundreds of disordered structures sampled from AIMD. We find the edge-to-edge transport gap including thermal effect is 2.1±0.04 eV, reduced by ~ 0.1 eV in contrast to the static structure. The peak-to-peak gap is found to be 2.7eV, providing fully ab initio agreement with experiment where previous theory required ad hoc Gaussian broadening and temperature corrections. Nat. Photonics 2015, 9 (8), 491-500. Table S1 . Comparison of the ensemble averages of the C-H, C-C bond length and the center of mass distance between pentacene molecules in pair a, b, c and d (defined in Figure 1 .) from the AIMD simulation using 2×2×1 super-cell with those from the static structure (all in Angstrom). 
